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Abstract
A cross section of the process e+e− → π+π−π+π− has been measured us-
ing 6798±93 signal events from a data sample corresponding to an integrated
luminosity of 9.8 pb−1 collected with the CMD-3 detector in the center-of-
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mass energy range 920–1060 MeV. The measured cross section exhibits an
interference pattern of the φ(1020)→ π+π−π+π− decay with a non-resonant
process e+e− → π+π−π+π−, from which we obtain the branching fraction of
the doubly suppressed decays (by G-parity and OZI rule):
B(φ→ π+π−π+π−) = (6.5± 2.7± 1.6)× 10−6.
1. Introduction
Production of four charged pions in e+e− annihilation has been stud-
ied with good statistics with the CMD-2 [1] and SND detectors [2] as well
as using initial-state radiation (ISR) with BaBar [3] at which a low (about
3%) systematic uncertainty was achieved on the e+e− → π+π−π+π− cross
section in the wide center-of-mass energy (Ec.m.) range. Earlier experiments
are discussed in Ref. [4].
However, a detailed study of this cross section in the vicinity of the
φ(1020) resonance peak was performed by the CMD-2 detector only (Ec.m.=
984–1060 MeV) [5], and B(φ → π+π−π+π−) = (4.0+2.8−2.2) × 10
−6 has been
obtained. The φ(1020) decay to four charged pions is doubly suppressed by
G-parity and the OZI-rule, and new measurements are interesting.
In this paper we report an analysis of the data sample of 9.8 pb−1 collected
at the CMD-3 detector in the Ec.m.= 920–1060 MeV energy range. The data
were collected in the energy scan of 22 c.m. energy points performed at
the VEPP-2000 collider [7] and used for a precision study of the process
e+e− → φ → K0SK
0
L [8] and obtaining the world best upper limit for the
e+e− → η′(958) process [9].
The general-purpose detector CMD-3 has been described in detail else-
where [10]. Its tracking system consists of a cylindrical drift chamber (DC) [11]
and double-layer multiwire proportional Z-chamber, both also used for a trig-
ger, and both inside a thin (0.2 X0) superconducting solenoid with a field
of 1.3 T. The electromagnetic calorimeter (EMC) includes three systems.
The liquid xenon (LXe) barrel calorimeter with a thickness of 5.4 X0 has a
fine electrode structure, providing 1–2 mm spatial resolution [12], and shares
the cryostat vacuum volume with the superconducting solenoid. The barrel
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CsI crystal calorimeter with a thickness of 8.1 X0 is placed outside the LXe
calorimeter, and the endcap BGO calorimeter with a thickness of 13.4 X0 is
installed inside the solenoid [13]. The luminosity is measured using events
of Bhabha scattering at large angles [14] with about 1% accuracy. The c.m.
energy has been monitored by using the Back-Scattering-Laser-Light sys-
tem [15] with about 0.06 MeV systematic uncertainty. To obtain a detection
efficiency, we have developed Monte Carlo (MC) simulation of our detector
based on the GEANT4 [16] package, in which the interaction of generated
particles with the detector and its response are implemented. MC simula-
tion includes soft-photon radiation by the electron or positron, calculated
according to Ref. [17].
2. Selection of e+e− → pi+pi−pi+pi− events
Candidates for the process under study are required to have three or
four tracks of charged particles in the DC with the following requirements:
the ionization losses of each track in the DC to be consistent with the pion
hypothesis; a track momentum is larger than 40 MeV/c; a minimum distance
from a track to the beam axis in the transverse plane is less than 0.25 cm; and
a minimum distance from a track to the center of the interaction region along
the beam axis Z is less than 12 cm. Reconstructed momenta and angles of
the tracks for three- and four-track candidates are used for further selection.
A background in the studied energy region comes from the processes
e+e− → π+π−π0, e+e− → K0SK
0
L, and e
+e− → K+K− with extra tracks from
decays or nuclear interaction of pions or kaons, as well as from a conversion
of the photons from π0-decay in the detector material. Charged kaons are
efficiently suppressed by the ionization losses in the DC. To suppress neutral
kaons, we remove events with invariant mass of any two pion candidates
within 20 MeV from the K0 mass and having total momentum inside the
20 MeV/c window of the expected kaon momentum for the e+e− → K0SK
0
L
reaction. To reduce the background from the reaction e+e− → π+π−π0, we
require a missing mass for any two pion candidates to be greater than two
3
pion masses. After this requirement the remaining contribution from three
pions is less than 0.3% to number of four-track candidates.
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Figure 1: (a) Scatter plot of the difference between the total energy and c.m. energy
(E4pi–Ec.m.) versus total momentum for four-track events. The line shows the boundary
of the applied selection; (b) Projection plot of (a) after selection. The histogram shows
the MC-simulated distribution normalized to data.
For four- or three-track candidates we calculate the total energy and total
momentum assuming all tracks to be pions:
E3, 4pi =
3, 4∑
i=1
√
p2i +m
2
pi , Ptot = |
3, 4∑
i=1
~pi|.
Figure 1(a) shows a scatter plot of the difference between the total energy
and c.m. energy E4pi−Ec.m. versus total momentum for four-track candidates
for Ec.m. = 958 MeV. A clear signal of four-pion events is seen as a cluster
of dots near zero. Events with a radiative photon have non-zero total mo-
mentum and total energy, which is always smaller than the nominal one. A
momentum of any pion incorrectly reconstructed due to the interaction with
the detector material or DC resolution leads to momentum-energy correlated
“tails” in both directions.
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Figure 2: (a) Scatter plot of the difference of the total energy and c.m. energy (E3pi–Ec.m.)
versus total momentum for three-track events; (b) Difference between the total energy of
three tracks plus missing track energy and c.m. energy (E4pi–Ec.m.)(points). The line
shows a fit function used to obtain the number of signal events. The shaded histogram
shows an estimate of background events from the e+e− → 3pi process.
A cluster of dots is also observed shifted up from the four-pion signal.
These events are from the process e+e− → e+e−e+e− where electrons and
positrons are produced due to two-photon processes as well as a conversion of
radiative photons from the e+e− → e+e−γ reaction on the detector material,
and a conversion of photons from the process e+e− → γγ. Not all of these
tracks can be identified as electron or positron in the EMC, but kinematically
these events are well separated from the signal events, therefore we do not
apply additional requirements.
We select events with total momentum less than 80 MeV/c and show
the difference E4pi–Ec.m. in Fig. 1(b). The experimental points are in good
agreement with the corresponding Monte Carlo simulated distribution shown
by the histogram. We require -100 < E4pi − Ec.m. < 50 MeV to determine
the number of four-pion events, N4tr. Four-track events have practically no
background: we estimate it from MC simulation of the major background
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process e+e− → π+π−π0 (a photon from the π0 decay converts to an e+e−
pair at the beam pipe), and find a contribution of less than 0.3% at the peak
of the φ resonance. We use this value as an estimate of the corresponding
systematic uncertainty.
To determine the number of four-pion events with one missing track, a
sample with three selected tracks is used. A track can be lost if it flies at small
polar angles outside the efficient DC region, decays in flight, due to incorrect
reconstruction, nuclear interactions or by overlapping with another track.
Four-pion candidates in the three-track sample have energy deficit correlated
with the total (missing) momentum of three detected pions. Figure 2(a)
shows a scatter plot of the difference E3pi–Ec.m. between the total energy and
c.m. energy versus total momentum for three-track events. A band of signal
events is clearly seen. This sample has a large contribution from the processes
with electrons and positrons mentioned above as well as from the conversion
of photons from the π0 decays. We apply an additional requirement on the
maximum value of the total momentum of three tracks, assuming a four-pion
final state. This requirement is shown by a line in Fig. 2(a).
Using total momentum of four-track candidates, we calculate the energy
of a missing pion, and add it to the energy of three detected pions: the
difference of obtained energy and c.m. energy is shown in Fig. 2(b) by points.
The expected background contribution from three pions is shown by the
shaded histogram in Fig. 2(b).
To obtain the number of four-pion events from the three-track sample, we
fit the distribution shown in Fig. 2(b) with a sum of the functions describing
a signal peak and background. The signal line shape is taken from the
MC simulation of the four-pion process, and is well described by a sum
of two Gaussian distributions. The photon emission by initial electrons and
positrons is taken into account in the MC simulation, and gives a small
asymmetry observed in the distributions of Fig. 1(b) and Fig. 2(b). All
parameters of the signal function are fixed except for the number of events
and the resolution of the narrowest Gaussian. A second-order polynomial is
used to describe the background distribution.
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Variation of the polynomial fit parameters for the experimental and MC-
simulated background distributions, removing or applying background sup-
pressing requirements lead to about 3% uncertainty on the number of signal
events.
We find 3690±61 four-track events and 3108±69 three-track events cor-
responding to the process e+e− → π+π−π+π− in the Ec.m. = 920–1060 MeV
energy range.
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Figure 3: (a) Polar angle distribution for four-pion events with four detected tracks for
data (points) and MC simulation (histogram); (b) Polar angle distribution for four-pion
events with three detected tracks for data (circles) and MC simulation (solid histogram).
The polar angle distribution for a missing track is shown by squares (data) and the dashed
histogram (MC simulation).
3. Detection efficiency
In our experiment, the acceptance of the DC for the charged tracks is
not 100%, and the detection efficiency depends on the dynamics of four-pion
production. The dynamics of the process e+e− → π+π−π+π− are relatively
well studied in previous experiments [4, 3], and the a1(1260)
±π∓ final state
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has been shown to dominate. Our energy range is well below the nominal
threshold of this reaction, and with our data sample we cannot observe any
difference in any distribution for other final states, like ρ(770)f0(600) or
phase-space production of four pions.
Figure 3(a) presents the polar angle (θpi) distribution for four-pion events
with all detected tracks. The result of the MC simulation in the model
with the a1(1260)π final state, presented by the histogram well describes
the observed distribution. Figure 3(b) presents the polar angle distribution
for three detected tracks (circles for data, the solid histogram for the MC
simulation) after background subtraction. The polar angle distribution for
the missing track is shown by squares (data) and the dashed histogram (MC).
With our DC acceptance we have about the same number of four-pion events
with one missing track compared to events with all tracks detected.
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Figure 4: (a) Ratio of numbers of three- to four-detected-track events for data (points
with errors) and MC simulation (the dashed line at 0.215) when all tracks are within
the DC acceptance. The ratio of number of the events with one track outside the DC
acceptance to number of the events with all tracks inside the DC acceptance (squares)
and the corresponding MC-simulation value (the dashed line at 0.441). (b) Radiative
correction 1 + δ for the experimental energy points.
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Figure 4(a) shows a ratio of the number of three-track events, N3trDC, with
a missing track inside a DC acceptance (0.7 < θpi < 2.44 radians) to the
number of four-track events, N4tr, for data (circles) and MC-simulation (a
dashed line at 0.215). This ratio for data exhibits very small variation with
energy, but the average value of 0.274±0.012 differs from that for the MC-
simulation. Based on these numbers we conclude that our MC-simulation
overestimates a track reconstruction efficiency: 0.951 vs 0.936±0.004 in data.
This difference does not depend on the primary generator model. We add
events with a missing track inside the DC acceptance volume to a four-track
sample, and this sum, N4tr+N3trDC, corresponds to about 98% of events with
all four pions inside the DC acceptance: a probability to detect only one or
two tracks from four is very low. A correction for the data-MC difference,
ǫ1corr, is about 1%, and we assign a 1% systematic uncertainty to this value.
The number of remaining events with a missing track outside the DC
acceptance, N3tr, can be sensitive to the production dynamics and is used to
validate MC-simulated efficiency. Figure 4(a) shows a ratio of the number
of three-track events with a missing track outside the DC acceptance to the
sum of the numbers of four- and three-track events inside the DC acceptance
for data (squares) and MC-simulation (the dashed line at 0.441). This ratio
is also stable vs Ec.m., and the average value of 0.429±0.022 is in agreement
with that obtained from the MC-simulation. The experimental value is also
in agreement with the MC-simulation for the ρ(770)f0(600) final state (0.447)
and with the phase-space model (0.435). Assuming single track reconstruc-
tion efficiency shown above, the data-MC correction for these three detected
tracks, ǫ2corr, is about (5±3)%; the error is taken as a systematic uncertainty
on this correction.
We use the model with an a1(1260)π final state, and calculate the de-
tection efficiency from the MC-simulated events as a ratio of all three- and
four-track events to the total number of generated events. Note that if a sum
of four- and three-track events is taken for the calculation, the efficiency in-
creases to ǫ =77.3 %, independently of the c.m. energy, and the data–MC in-
consistencies in the DC reconstruction efficiency and in the model-dependent
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angular distributions are significantly reduced.
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Figure 5: The e+e− → pi+pi−pi+pi− cross section measured with the CMD-3 detector at
VEPP-2000 (dots). The results of the BaBar measurement [3] are shown by open squares,
measurements by CMD-2 are shown by triangles [5] and by open circles [1].
4. Cross Section Calculation
At each Ec.m. energy the cross section is calculated using four- and
three-track events as
σ =
(N4tr +N3trDC)/(1− ǫ1corr) +N3tr/(1− ǫ2corr)
L · ǫ · (1 + δ)
,
where (1−ǫ1corr) is the data–MC correction to the number of events with four
pions inside the DC acceptance, (1 − ǫ2corr) is the the data–MC correction
to the number of events with one pion out of the DC acceptance, L is the
integrated luminosity at this energy, ǫ is the detection efficiency, and (1+δ) is
the radiative correction calculated according to [17] and shown in Fig. 4 (b).
The energy dependence of the radiative correction reflects an interference
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pattern in the cross section. To calculate the correction, we use CMD-2
data [5] as a first approximation and then use our cross section data for the
following iterations.
Our result is shown in Fig. 5 by solid circles in comparison with the
previous measurements. The c.m. energy, integrated luminosity, number of
four- and three-track events, radiative correction and obtained cross section
for each energy are listed in Table 1.
The obtained cross section is in overall agreement with the results of
the high-precision measurement performed by the BaBar Collaboration [3],
shown in Fig. 5 by open squares, and reanalyzed data of CMD-2 [1] (open
circles). Our cross section is about 10% higher than the CMD-2 measure-
ment in the φ-resonance region [5] (triangles), because these data were not
reanalyzed, and the tracking efficiency was somehow overestimated.
5. Systematic errors
The following sources of systematic uncertainties are considered.
• Using three- and four-track events for the cross section calculation has
reduced the overall model dependence uncertainty to about 1%: the
a1(1260)π, ρ(770)f0(600) and phase-space models are tested.
• Using responses of two independent triggers (neutral and charged) for
our event sample, we found trigger efficiency close to unity with a
negligible contribution to the systematic error.
• The overall uncertainty on the determination of the integrated lumi-
nosity comes from the selection criteria of Bhabha events, radiative
corrections and calibrations of DC and calorimeters, and does not ex-
ceed 1% [14].
• The admixture of the background events not subtracted from the four-
track sample is estimated as a 0.3% systematic uncertainty on the num-
ber of four-track events, with additional 1% uncertainty from the data-
MC efficiency correction.
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• The uncertainty on the background subtraction for three-track events
is studied by the variation of functions used for a background descrip-
tion in Fig. 2(b) and is estimated as 3% of the number of three-track
events. An additional 3% uncertainty comes from the data-MC effi-
ciency correction.
• A radiative correction uncertainty is estimated as about 1%.
The above systematic uncertainties summed in quadrature and weighted
with the number of three- and four-track events give an overall systematic
error of about 3.6%.
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Figure 6: The e+e− → pi+pi−pi+pi− cross section measured with the CMD-3 detector at
VEPP-2000 (dots) with the fit function described in the text.
6. Fit to φ→ pi+pi−pi+pi− decay rate
The obtained cross section exhibits a clear interference pattern of the
φ(1020)→ π+π−π+π− transition with the non-resonant cross section. We fit
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the experimental cross section with the function
σ(Ec.m.) = σ0 · f(Ec.m.) ·
∣∣∣∣∣1− Z ·
mφΓφ
m2φ − E
2
c.m. − iEc.m.Γφ
∣∣∣∣∣
2
,
where σ0 is a non-resonant cross section at the φ resonance mass Ec.m. = mφ =
1019.456 MeV/c2 with Γφ = 4.24 MeV width [6], f(Ec.m.) = e
A(Ec.m.−mφ), A
is a slope parameter, describes the energy dependence of the non-resonant
cross section, and Z is a complex amplitude of the φ(1020) → π+π−π+π−
transition. The fit yields
σ0 = 1.263± 0.027 nb,
Re Z = 0.146± 0.030,
Im Z = −0.002± 0.024.
The second solution gives the unphysical values for Z and is ignored. The
φ→ π+π−π+π− decay rate is calculated as
B(φ→ π+π−π+π−) = σ0 · |Z|
2/σφ = (6.5± 2.7± 1.6)× 10
−6,
where σφ = 12πB(φ → e
+e−)/m2φ = 4172± 42 nb is a peak cross section of
φ(1020). The first error is statistical, while the second error is our estimate
of the systematic uncertainty, based on the uncertainty on the cross section
discussed in Sec. 5. The Ec.m. energy spread (about 300 keV) contributes
less than 4% to the observed φ signal, and is negligibly small compared to
other uncertainties. Figure 6 shows our experimental points with the fit
curve. The result is in overall agreement with the previous measurement
B(φ → π+π−π+π−) = (4.0+2.8−2.2) × 10
−6 [5], and does not contradict to the
value, assuming a single-photon reaction: B(φ → γ∗ → 4π) = 9 · B(φ →
e+e−)2/α2 · σ0/σφ = 4.8× 10
−6, which assumes Im Z=0.
Conclusion
The total cross section of the process e+e− → π+π−π+π− has been
measured using a data sample corresponding to an integrated luminosity of
9.8 pb−1 collected by the CMD-3 detector at the VEPP-2000 e+e− collider
in the 920–1060 MeV c.m. energy range. The three- and four-track events
are used to estimate the model-dependent and other uncertainties on the
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cross section calculation, giving a 3.6% overall systematic uncertainty. The
measured cross section is in overall agreement with previous experiments in
the energy range studied, exhibits the interference pattern of the φ(1020)→
π+π−π+π− transition with the non-resonant cross section, and a new value
B(φ→ π+π−π+π−) = (6.5± 2.7± 1.6)× 10−6 has been obtained.
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1022.85 195.3 106 92.4 ± 11.8 0.865 1.57 ± 0.12
1027.96 195.8 108 80.0 ± 11.0 0.880 1.44 ± 0.11
1033.91 175.5 110 70.6 ± 8.2 0.882 1.53 ± 0.11
1040.03 195.9 133 89.5 ± 10.3 0.885 1.68 ± 0.12
1050.31 499.6 323 294.5 ± 20.1 0.883 1.91 ± 0.08
1059.95 198.9 147 148.6 ± 13.9 0.885 2.31 ± 0.14
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